Abstract. Wireless ad hoc networks are frequently deployed in strategic applications that require the use of battery powered nodes. A key requirement for these networks is to maximize the time span when all nodes have sufficient battery charge to participate in communication with other nodes. To meet this requirement, this paper describes a routing strategy that seeks to find the best balance between minimizing the power consumption and evenly using all nodes within the network to avoid early exhaustion of individual nodes. The proposed routing scheme is compared to reported schemes using minimum power routing and the results show that the proposed scheme gives a longer time until the first node's battery energy is depleted with a lower network power consumption than schemes using just energy minimization. Multiple access techniques are discussed and a cost-effective scheme based on available wireless LAN channels and space division multiplexing is proposed. Each path can use one, two or three time slots according to the number of hops in the path. Adaptive modulation is used where the link power budget is sufficient to maintain the throughput per unit time regardless of the number of hops in the path. Simulation results show that the throughput can be significantly improved using adaptive modulation with a small reduction in the time until the first node's battery energy is depleted.
imize the time span when all nodes have sufficient battery charge to participate in communication with other nodes. To meet this requirement, this paper describes a routing strategy that seeks to find the best balance between minimizing the power consumption and evenly using all nodes within the network to avoid early exhaustion of individual nodes. The proposed routing scheme is compared to reported schemes using minimum power routing and the results show that the proposed scheme gives a longer time until the first node's battery energy is depleted with a lower network power consumption than schemes using just energy minimiza- There are two important criteria for maximizing the time that a node is available:
• minimizing the power consumption of individual nodes,
• distributing the use of nodes to avoid depletion of the battery charge on individual nodes.
However, it may not be possible to fully satisfy both of these criteria simultaneously. For example, if the network frequently selects the same nodes to act as relay nodes on the basis of power minimization, then the battery charge of these nodes will be rapidly depleted, and therefore reduce the time when all nodes are available. This will not only eliminate the depleted nodes from the network but the lack of relay nodes may also prevent other nodes from communicating. The challenge, therefore, is to balance the use of nodes to maximize the time when all nodes in the network can communicate. The multi-route capability of an ad hoc network gives a degree of flexibility in the choice of nodes that can be used in this balancing process.
The aim of this paper is to investigate a routing strategy that maximizes the time when all nodes in an ad hoc network remain active. Section II describes reported work on minimum power routing and battery conserving schemes.
Section III then describes the proposed hybrid minimum power/maximum lifetime scheme and shows how it can improve the overall lifetime. Section IV describes the model used to evaluate the performance of the proposed scheme and sections V and VI present the results obtained from the model.
Review of previous work
Several papers have discussed minimum power routing schemes and battery aware schemes. S. Doshi et al [1] propose a minimum energy routing protocol for multi hop ad hoc networks and have shown that existing protocols such as the Dynamic Source Routing protocol (DSR) can be adapted to select minimum energy routes and hence reduce power consumption.
Singh et al [2] incorporate remaining battery charge as a routing metric cost. As the battery charge decreases, the value of the metric cost for the node increases. The advantage of this scheme is that low battery charge nodes are avoided. However, the alternate route may contain several hops which increase the total end to end power consumption.
Hwang-Cheng Wang et al [3] and Ma and Yang [4] propose maximum lifetime routing protocols that take account of the battery discharge characteristics to give more precise control of the energy consumption and maximize the network lifetime.
Other papers have addressed the joint optimization of both energy consumption and minimum power routing.
Toh [5] proposed a conditional max-min battery capacity routing (CMMBCR) algorithm. The algorithm uses a minimum power routing until the remaining battery charge reduces to a pre-selected threshold. When this threshold is reached, the node is withdrawn from use as a relay node which protects individual nodes from overuse.
Kwang-Ryoul Kim et al [6] extend the CMMBCR scheme by using a single integrated route cost equation including both energy and power consumption parameters. A cost is calculated for each possible route. It sets a threshold value for the energy consumption of a node and when this is reached the route cost is increased. Results show that this approach gives a lower maximum energy use than the CMMBCR scheme, but the paper does not discuss the optimum balance between the energy and 3 Proposed scheme to maximise the time that all nodes are available
The scheme proposed in this paper aims to maximize the time that all nodes are available in an ad hoc network. It takes account of both the power consumption for a route and the residual battery charge of each node in the route.
The distinguishing features of this scheme are:
• the end to end power required for each route is calculated including the processing and transmission power,
• the route power and the remaining battery energy of each node are combined such that the battery level at which a node is withdrawn can be selected,
• the rate of the transition between minimum power and maximum lifetime routing regimes can be selected and is continuous to avoid unnecessarily high route power in unfavorable node distribution conditions.
In this scheme a 'cost' is calculated for all possible routes from the source node to the destination node based on: i) a summation of the power required for RF transmission and signal processing at each node and ii) a weighting factor to represent the residual battery charge. When the battery charge levels are high then the first term is dominant and the minimum power route is selected. When the residual battery charge of any node is becomes depleted, the second parameter increases so that the lowest power route without that node is selected. The target is to use nodes evenly so that the battery charge on all nodes is depleted at the same time.
This is called the Minimum Power Route/Maximum Battery Lifetime (MPR/MBL) scheme. The cost of each route is calculated using the following formula:
where, The following values have been used to calculate the power at each node:
The average signal processing power per node due to transmission is 722mW (219mA × 3.3V ).
The average signal processing power per node due to reception is 710mW (215mA × 3.3V ).
The average transmission power per node is 174mW .
The average power consumption per node is (722mW + 710mW + 174mW = 1606mW ). If the cross-over point is set too low, then even a small amount of usage as a source or destination node can lead to depletion of a node after the cross-over point has been reached and this may not lead to the battery charge on all nodes being depleted at the same time. Some nodes will be left with charge after others are depleted.
If the cross-over point is set too high, then minimum power routing, making use of all nodes, will only be used for a small proportion of the operating time and this will not lead to the lowest power consumption for the network.
Simulation experiments have been carried out to explore the optimum values for the cross-over point, determined
by the parameter 'C' and the rate of change of the battery weighting term, determined by the parameter 'a'.
Simulation model
An ad hoc network model is used to simulate the performance of the hybrid routing protocol. The model is based on the following assumptions:
• the network size is 50m × 50m (determined by the • the number of nodes in the network is 25 (compatible with the size of the network),
• nodes are positioned randomly within the network area,
• the nodes are battery powered and they cannot be recharged during the network operation,
• the radio frequency is 2.4GHz,
• the receiver sensitivity is -86dBm,
• the RF power amplifier efficiency is 40%,
• maximum transmit power limit is +20dBm,
• the design assumes the use of a single frequency for an end to end path and each node uses an omnidirectional antenna,
• the data rate is 6Mbps to allow voice, data and video applications,
• each transmission consists of a 1Mbyte packet of information.
The model is based on the IEEE 802.11 specifications and uses a single frequency for an end to end path; the medium access is assumed to be based on a busy tone scheme [8] and the source routing is used at the network layer.
The model places the 25 nodes randomly within the 50m × 50m network area.
The propagation model is given by:
This is based on the two ray ground reflection model with a clutter factor of 50dB included, a slow fade margin of 7dB and fast fade margin of 4dB. This has a similar characteristic to the Okumara-Hata urban propagation model [9] .
In order to maximize the network lifetime and minimize the power consumption, the routing protocol depends on the information from all of the other nodes in the network. Such information is propagated with the help of beacon frames which are broadcast in the network using an out-of-band signaling channel [10] .
The model simulates traffic in the network by selecting source and destination nodes randomly and then using the proposed routing strategy, defined by Equation 1 to determine the optimum route from source to destination.
Routes are continuously selected until the first node's battery is depleted. 
Simulation results
A set of ten simulations has been carried out each with a different random set of node placements. An example of one topology is shown in Fig. 3 . The same simulations have been carried out using the minimum power routing (MPR) for comparison. The results are shown in Fig. 5 for the same set of nodes. It can be seen that the lifetime is reduced to 9 hours due to overuse of node 6. This can be increased to 16 hours by using a threshold to protect nodes with low battery energy.
For comparison, simulations have also been carried out for other reported schemes and the maximum time until the first node is depleted is given in Table 2 . It can be seen that the proposed MPR/MBL scheme has the longest Table 3 .
It can be seen that the time to first node failure for the MPR/MBL scheme is 18% higher than the MPR scheme and equals that of the residual battery charge scheme.
Power consumption
Power consumption is the second parameter that needs to be considered to determine the optimum routing scheme. Routing Schemes Lifetime Lifetime (Hrs.) Minimum power [1] 9 Minimum power with a battery charge threshold (30%) [1] 16 Residual battery charge [8] 20 Power aware routing [7] 20 MPR/MBL (cross-over point 600mAhrs, a=5) 21
Tab. 3: Comparison between various routing schemes of the time to first node battery depletion averaged for ten topologies Routing Schemes Lifetime Lifetime (Hrs.) Minimum power [1] 12 Minimum power with a battery charge threshold (30%) [1] 16 Residual battery charge [8] 19 Power aware routing [7] 18 MPR/MBL (cross-over point 600mAhrs, a=5) 19 Fig. 6 shows the power consumption, as a function of time, for each of the routing schemes given in Table 2 .
The minimum power routing (MPR) scheme has the lowest cumulative power consumption but also has the shortest time to first node battery depletion.
The network power consumption of MPR/MBL follows MPR when the battery energy is high. This is to be expected because MPR/MBL uses the MPR scheme initially when the nodes have full residual battery charge.
However, as the batteries become depleted, the lowest power route may not be available and so the selected route consumes higher power than the minimum power route and the average power becomes higher than that of the MPR scheme. However the MPR/MBL scheme has a lower cumulative power consumption than the power aware scheme.
Multiple access
The previous sections have only considered a single path at a given time. Multiple access is possible by using different frequencies, time slots, codes or spatial regions for different paths.
If frequency division multiplexing is used, then a sepa- Spatial multiplexing has been investigated for the network shown in Fig. 3 . As an example, taking a single hop path from node 13 to node 22 as shown in Fig. 7 , eight additional paths can be established with the carrier to interference ratio of all receivers greater than 6dB.
As another example, if a multi-hop path across the network is established (nodes 7-17-3-25) as shown in Fig. 8 , then four additional paths can be established. The number of simultaneous paths is therefore limited and variable depending on the topology, the attenuation between nodes and which nodes are sending data. Using the IEEE 802.11 wireless LAN standards operating in the unlicensed 2.4GHz band, there are fourteen carrier frequencies, of which three frequencies can be used simultaneously in the network [11] . This allows for frequency multiplexing of three or it can be used in combination with space division multiple access. Adaptive modulation has been reported previously in ad hoc networks for optimising the energy efficiency [13] , maximising the data throughput [14, 15] and improving the network performance in the presence of fading [16] ;
in this paper we propose the use of adaptive modulation to maintain the data throughput per unit time in multi-hop ad hoc networks.
Higher order modulation increases the spectral efficiency and allows more data to be transmitted in a given time slot, but the carrier to interference (C/I) ratio is reduced as shown in Table 4 [17] . Assuming BPSK modulation can provide the required throughput (6Mbps) for a single hop route, then the same data transfer rate is possible over a two hop route using QPSK but there will be a penalty of 3dB in the C/I ratio; a three hop route will require 8QAM with a 6.7dB C/I penalty and a four hop route will require 16QAM with a 10dB penalty.
The C/I ratio needs to be sufficient to provide the required quality of service. As long as the link power budget is sufficient to provide the required C/I ratio (e.g. the path loss is low enough), then adaptive modulation can be used to maintain the throughput per unit time.
As discussed in Section IV, nodes propagate information to support routing with the help of a beacon frame which is broadcast in the network using an out-of-band signaling channel [10] . In order to support higher order modulation, the transmission frame is divided into a number of timeslots. For the network discussed in Section IV there are 1, 2 or 3 hops per route. If 6 timeslots are allocated, then all timeslots can be used for a single hop, 3 timeslots for each hop for a two hop route and 2 timeslots for each hop for a three hop route.
The source node uses the routing protocol to identify the preferred route. For multi-hop routes, the routing protocol analyses the power budget of each link to determine whether higher order modulation can be used. The source node then sends a Request to Send (RTS) frame to reserve relay nodes in the route. This frame includes a field to notify the relay nodes about the selected modulation order.
Each relay node selects the appropriate timeslots for that hop.
The performance of the ad hoc network has been simulated with the modulation adapted to maintain the throughput per unit time, using the network topology shown in Fig. 3 . simulation are the same as those described in Section IV. First the minimum power routing scheme with throughput maintained routes is investigated. Fig. 7 shows that initially when the batteries are fully charged and all nodes are available, 88% of all routes can achieve the required throughput per unit time. The time until the first battery is depleted is reduced to 8 hours compared to 9 hours when the throughput is not maintained (see Table 2 ). The reduction in network lifetime is due to the increase in transmission power required to maintain the C/I ratio for the higher order modulation.
The network lifetime has also been investigated with the throughput maintained with a battery charge threshold of 30% [1] . Again, at the start of network, 88% of routes can support maximum throughput per unit time.
However when some of the nodes reach the 30% resid- when the throughput is not maintained (see Table 2 ).
The MPR/MBL approach has also been evaluated with adaptive modulation to maintain the throughput of the at the start of the network, 88% of the routes can support maximum throughput. However, the throughput gradually decreases with time. This is due to the fact that routes are formed with the help of nodes with greater residual battery charge which increases the number of hops in the route. Fig. 10 shows that the network lifetime is 18 hours compared to 21 hours when the throughput is not maintained (see Table 2 ). So the MPR/MBL scheme gives the longest time until the first node is depleted but the MPR schemes can maintain a higher throughput per unit time which may be beneficial for certain services. with the use of adaptive modulation. It can be seen that 80% of the 2-hop routes achieve an average data rate of 6Mbps and 60% of the 3-hop routes achieve an average data rate of 6Mbps.
Conslusions
A joint minimum route power and maximum battery energy (MPR/MBL) routing scheme for ad hoc networks has been described that seeks an optimum balance between minimum power consumption and the maximum time for all nodes to be active in the network.
The scheme makes a route cost calculation by combining a value for the transmission and processing power and a separate value related to the remaining battery energy.
By using separate terms for these contributions it is possible to take advantage of minimum power routes when the battery energy is high and select the battery energy level where depleted nodes are weighted to reduce their usage.
The rate of the transition between these two states can also be selected.
The time to first node battery depletion and the power 
Future work
The simulation model for 25-node network assumes that the nodes are fixed for the duration of transmission and transmission power is fixed. The network model needs to be extended to incorporate node mobility. Work is needed to determine the impact of higher node mobility on the frequency of the route discovery process, the route stability, the signaling overhead, the lifetime of the network and power control.
Further work is needed to investigate how the results presented in the paper scale to a network with a larger number of nodes.
